The main feature of a prestressed concrete containment vessel (hereinafter referred to as "PCCV") is that unbonded tendons, which are not bonded to the structure, are used because the tension of the tendon needs to be measured in periodical in-service inspection (hereinafter referred to as "ISI") to ensure that the performance of the power plant is maintained during the service life. This report describes the results of measurement of the tension of the tendon, which has been performed as an activity to maintain the PCCV in Ohi Nuclear Power Plant (hereafter referred to as Ohi "NPP") Units 3 and 4 of Kansai Electric Power in the past twenty some years since the construction of the PCCV, the changes in the standards and guidelines for the maintenance of the PCCV in Japan, as well as the discussion of non-destructive test-based methods for estimating the strength of high-strength concrete used for the PCCV and the development of a hydraulic shim-type load cell-based system for the measurement of the tension of the tendon, taking into account the ease of non-destructive testing, etc.
Introduction
A NPP has a component called a containment vessel to contain basic components such as the nuclear reactor vessel loaded with fuel. In conventional pressurized water reactors (hereinafter referred to as "PWR"), a steel containment vessel (hereinafter referred to as "SCV") is used as the reactor containment vessel. However, a PCCV has been used to meet the requirements as a result of the increase in the output power and has been twenty some years since its construction.
This report describes the maintenance activities mainly for the prestressed members of the PCCV in Ohi NPP Units 3 and 4 of The Kansai Electric Power Co., Inc.
Outline of the PCCVs (Ozaki et al. 2004)
The preparation construction work of Ohi NPP Units 3 and 4 of The Kansai Electric Power Co., Inc. started in 1985. Unit 3 went into commercial operation in December 1991 and Unit 4 in February 1993 . Both of them are NPPs with an output power of 1,180 MW and use PCCVs for the containment vessels. Table 1 shows the outline of Ohi NPP Units 3 and 4.
The PCCV can achieve the requirements for the functions of pressure-retaining and leakage prevention mainly in the event of an accident at a NPP with an output power of more than 1,000 MW. Its details are described below.
One of the severest conditions assumed in the design of a PWR is a loss of coolant accident (hereinafter referred to as "LOCA") due to a pipe break in the primary coolant system, which is the main system to remove heat from the fuel and cool the fuel. It is a potential condition in which due to a primary coolant pipe break, very high-pressure steam is released instantaneously. The containment vessel is a structure to prevent the steam from leaking out and has two functions: (1) the pressure-retaining (internal pressure) in a LOCA and (2) leakage prevention of the steam.
A 40-mm thick SCV had been used previously. With the increase in the output power, the need arose for a larger containment vessel to reduce the pressure in a LOCA. The PCCV can be much smaller in volume than SCV by prestressing the concrete and thus can be more resistant to the pressure in a LOCA. The steam leakage can be prevented by applying a steel liner plate to the inner surface of the concrete. In addition, the SCV requires a reinforced concrete outer shielding wall, which has the function to shield radiation, on the outer side of the containment. The concrete of the PCCV has the function to shield radiation. Thus, the PCCV is a reasonable structure with the functions of the SCV and the outer shielding wall combined. Table 2 shows the basic specification of the PCCV. Figure 1 shows a schematic cross-sectional elevation view of the PCCV and Fig. 2 shows the details of the elevation. The PCCV consists of about 10 m thick base mat and about 65 m high cylindrical shell and a dome with a diameter of about 45 m. The cylindrical shell and the dome, the upper structure, are prestressed concrete. The steel liner plate on the inner surface has the function to prevent leakage, and the load capacity of the prestressing members (hereinafter referred to as "tendon") is 10 MN (1000 tf). Figure 3 shows the overall arrangement of the tendons and a schematic cross-sectional plan view of the PCCV.
The tendons consist of hoop tendons (90 in the cylindrical part and 18 in the dome part), which apply a force in a manner to hoop the PCCV, and inverted U vertical tendons (90), which apply a force in a manner to press down the PCCV. The hoop tendons, which circulate around the circumference of the PCCV, are anchored at both ends to the anchorages on the buttresses. There are two buttresses, one each at diagonal positions on the circumference. The hoop tendons are arranged so that they are anchored alternately to each buttress. A group of 45 inverted U tendons are arranged in an orthogonal grid pattern in a plan view and anchored to the ceiling of the Table 2 Basic specification of the PCCV (Ozaki et al. 2004 (Yonezawa et al. 2003) .
tendon gallery in the base mat. During prestressing, the prestressing force applied to the ends of the tendon is 7.19 MN (733 tf) for the hoop tendon and 7.05 MN (719 tf) for the inverted U tendon, so that the membrane stress during a LOCA is compressive, even taking into account the loss of the prestressing force due to the creep of concrete and the relaxation of PC steel strands during the service life of the plant.
To ensure that the performance of the PCCV is maintained during the service life, periodical ISI needs to be performed to measure the prestressing force of the tendon. For this reason, unbonded tendons, which are not bonded to the structure, are used and the sheath for the tendon is filled with grease as the corrosion protection medium.
The prestressed system uses a 10 MN-class VSL (Vorspann System Losinger) system. One tendon consists of 55 PC steel strands with a diameter of 12.7 mm and has a rated tensile strength of 10.09 MN (1028.5 tf). The anchorage is such that the reaction is taken by the anchor head; the tendons are pulled by a jack; and the PC steel strands are anchored to the anchor head by wedges. Figure 4 shows a schematic of the VSL system. As a compressing force, the prestressing force applied to the tendons is transferred to the concrete structure via the anchor heads and the bearing plates. The inner diameter of the trumpet sheath is extended at one end into the concrete structure so that the anchor head moves into the sheath to release the prestressing force. Shims are inserted between the anchor head and the bearing plate to transfer the stress during the service life. The anchorage is covered by the end cap and filled with the corrosion protection medium to prevent entry of moisture and protect the system from corrosion. rd and 5 th year of operation (the liner is excluded from this report). 4% and 4 or more of the total number of tendons in each group were selected for (2) inspection of the prestressed system from each group of tendons (hoop and inverted U tendons). To evaluate the behavior, etc. of the tendons during the service life of the plant and find a correlation between the observation data from the previous performed ISIs, more than one "common" tendon (history inspection tendon) to be inspected in every ISI was selected from each group. Fig. 4 Outline of the prestressing system by VSL (Ozaki et al. 2004) .
In-service Inspection (ISI)
of USNRC and ASME Section XI, it was decided to perform the inspection every five years between the 10 th to the 15 th year of operation. The quantity of tendons to be inspected was reduced to 2% and 3 or more of the total number of tendons in each group. For the common tendons, tendons same with the ones inspected in the 1 st , 3 rd and 5 th year of operation were inspected. Some of the tendons to be inspected in the 20 th and subsequent years of operation were changed based on the plan to incorporate the Rules on Fitness-for-Service for Nuclear Power Plants into the Codes for Nuclear Power Generation Facilities -Rules on Concrete Containment Vessels for NPPs (hereinafter referred to as "the CCV Rules") enacted by Japan Society of Mechanical Engineers. More specifically, there is no change to the plan to inspect 2% and 3 or more of the total number of tendons in each group in the 5 th and subsequent years of operation. However, regarding hoop tendons, a total of two common hoop tendons, one dome hoop tendon and one cylinder hoop tendon, were selected. In the plan to incorporate the Fitness-for-Service Rules into the CCV Rules, one common tendon will be selected from all hoop tendons and two arbitrarily selected tendons (hereinafter referred to as "random sample tendon") will be selected as tendons to be inspected. Considering the above, as for hoop tendons to be inspected, a total of four tendons (two common tendons and two random sample tendons) were selected. As for the common tendons, two tendons continued to be inspected, taking into account the accumulated data. For the random sample tendons, tendons that had not been inspected were selected from the perspective of avoiding duplication, which is based on the plan to incorporate the Fitness-for-Service Rules into the CCV Rules.
The inspection of the prestressing force is called a lift-off test to verify the residual tension of the tendon. More specifically, a filler gauge (a 0.3 mm thick stainless steel sheet) is used to measure the lift-off load. In this measurement, a jack is placed at the end of an anchorage; reaction is taken by the bearing plate; and the tendons are pulled by the jack; and the lift-off load is the load when the filler gauge between the anchor head and the bearing plate can be removed. Figure 5 shows the method for the measurement of the lift-off load. In a lift-off test, it is verified that the prestressing force of the tendon is more than the design requirement.
Summary of the observed results and the evaluation
In the Ohi NPP, the 25 th year ISI of Unit 3 PCCV was performed in August 2015 and the 20 th year ISI of Unit 4 was performed in February 2012.
In each ISI, as a visual inspection, a general visual inspection of the concrete surface and a detailed visual inspection of the controlled portions were performed; and as testing of the prestressed system, a tension test of the tendons, a detailed visual test of the anchorages of the tendons and a test of the corrosion protection medium were performed.
The results and evaluation of the ISI of Ohi NPP Units 3 and 4 are summarized below.
(1) Visual inspection i) General visual inspection of the concrete surface For a general visual inspection of the concrete surface, a general visual inspection was performed on the outer surface of the cylindrical part and the buttresses. The results of the previously performed ISIs showed no cracks and damage that could adversely affect the structure of the containment vessel.
ii) Detailed visual inspection of the controlled areas
For a detailed visual inspection of the controlled areas, distinctive areas of the surface of the containment vessel were selected and defined as control areas, and a visual inspection of the concrete surface at the following areas was performed in each ISI. The results of the previously performed ISIs showed only very small cracks in the concrete surface.
i Cylindrical part near the base mat ii General cylindrical part with no pipe penetration in the vicinity iii Boundary between the cylindrical part and the dome iv Boundary between the cylindrical part and the buttress v Near the air lock vi Near the equipment hatch vii Local area of the cylindrical part with a pipe penetration (2) Inspection of the prestressed system i) Tension test of the tendons For a tension test of the tendons, the lift-off load is measured to verify the prestressing force which is the subject of inspection is more than the design requirement (5.36 MN for the hoop tendon and 5.66 MN for the inverted U tendon). Figure 6 shows the results of the tension test for Ohi NPP Unit 3. The results of the previously performed ISIs showed that the prestressing force was more than the design requirement. 
ii) Detailed visual test of the anchorages of the tendons
In a detailed visual test of the anchorages of the tendons, for the tendon which is the subject of inspection, a visual inspection for cracks in concrete at the anchorages of the tendons, a visual inspection of the anchorage (anchor head, bearing plate, etc.), and an inspection of the number of effective strands are performed. The results of the previously performed ISIs showed no problem.
(3) Inspection of the corrosion protection medium For an inspection of the corrosion protection medium, a visual inspection of the extracted corrosion protection medium, a chemical composition analysis of the extracted corrosion protection medium, and a volume measurement of the newly injected corrosion protection medium were performed. In the visual examination, it was checked that there was no infiltration of water from the outside, and water-soluble impurities etc. were inspected in the chemical component analysis of the extracted corrosion protection medium. The results of the previously performed ISIs showed all clear with the results of the visual inspection of the extracted corrosion protection medium. Also, for the results of the chemical composition analysis of the extracted corrosion protection medium, water-soluble impurities (Chloride ion etc.) were below the detection limit. The results of the volume measurement of the newly injected corrosion protection medium showed that the amount of the newly injected corrosion protection medium was more than the amount of the removed corrosion protection medium.
Changes over the year in the standards and guidelines for the maintenance of concrete containment vessels in Japan
The PCCV of Tsuruga NPP Unit 2 of The Japan Atomic Power Company is the first concrete containment vessel (hereinafter referred to as "CCV" Subsequently, a reinforced concrete containment vessel (hereinafter referred to as "RCCV") was added to the guidelines, and it became necessary to develop technical standards for CCVs. In September 1987, the Ministry of International Trade and Industry made an inquiry to the Thermal and Nuclear Power Engineering Society concerning "Development of Technical Standards for Concrete Containment Vessels." In response to the inquiry, the Committee on the Development of Standards for Concrete Containment Vessels prepared the report "Proposed Technical Standards for Concrete Containment Vessels" in February 1989. The above standards specify technical standards for the design of concrete components, the materials used in reinforced and prestressed concrete, liners, knuckles, body anchors, and pressure testing, etc. The Committee also presented proposed guidelines for the verification of the structural performance and ISI of CCVs as well as for the design and construction of diaphragm floors in the containment vessel. In an effort to develop commercial standards in a systematic manner, the Power Generation System Standards Committee was established in October 1996 by the Japan Society of Mechanical Engineers (JSME), and rules such as "Rules on Design and Construction for Nuclear Power Plants (JSME S NC1-2001)", "Rules on Fitness-for-Service for Nuclear Power Plants (JSME S NA1-2000)" and "Rules on Welding for Nuclear Power Plants (JSME S NB1-2001)" were developed under the Nuclear Power Expert Committee. However, the provisions for class-MC vessels in JSME S NC1-2001 were applicable only to SCVs and not applicable to CCV. Therefore, it was necessary to develop technical standards for CCV as the academic society and association standards. Thus, the Concrete Containment Vessel Standards Subcommittee was established in September 2002 under the Nuclear Power Expert Committee, and "Rules on Concrete Containment Vessels for Nuclear Power Plants (JSME S NE1-2003)" consistent with JSME S NC1-2001 were developed. To make the CCV Code consistent with the international standards, the Codes were developed based on Boiler and Pressure Vessel Code, Section III, Division 2, Code for Concrete Containments formulated by American Society of Mechanical Engineers (hereinafter referred to as "ASME Sec. III, Div. 2"), which was used to prepare Ordinance No. 452.
In accordance with the policy presented on However, the CCV Code (JSME S NE1-2003) provided technical standards only for the material and design of CCVs. Subsequently, in 2011, the CCV Code was revised. Construction, testing and inspection during construction, the SIT and SIS were added to the CCV Code (JSME S NE1-2014), and the Code was issued in 2015.
Structures in nuclear facilities have been maintained by nuclear operators. Since there were no unified codes and guidelines for nuclear facilities, in 2008, the Architectural Institute of Japan (AIJ) issued the Guidelines for Maintenance and Management of Structures in Nuclear Facilities (hereinafter referred to as "the AIJ Maintenance Guidelines"), which can be also used for the Plant Life Management (hereinafter referred to as PLM), to provide standards to maintain the required function of structures in nuclear facilities during the service life. CCVs were excluded from the application of the AIJ Maintenance Guidelines for the reason that they are within the scope of application of JSME's CCV Code. Since the CCV Code is applicable only to ISI, subsequently, the need arose to develop guidelines for the maintenance of CCVs as with other structures in nuclear facilities. Since response to the PLM was required, particularly for PCCVs, a provision for the maintenance of PCCVs was added to the Appendix when the AIJ Maintenance Guidelines were revised in 2015. The provision for the maintenance of PCCVs, which does not apply to ISI, states that the ISI set forth in the CCV Code should be used as needed.
Thus, domestic standards and guidelines were put in place nearly 30 years after the first NPP that uses a CCV went into operation.
Development of new technology

Strength estimation methods based on non-destructive testing of high-strength concrete (Tsuzuki et al. 2014)
A non-destructive testing method based on the rebound number is often used to evaluate the compressive strength of concrete. The commonly used formula of the Society of Materials Science, Japan (JSMS) for strength estimation and the formula defined in AIJ's non-destructive testing manual tend to underestimate the actual strength of a high-strength concrete structure. The compressive strength of concrete used in PCCVs is expected to be more than 50 N/mm 2 from the results of long-term material age strength testing of control specimens and monitoring specimens prepared at the time of construction. Therefore, the current formula to estimate the strength of concrete from the rebound number is not applicable. To estimate the compressive strength of concrete used in PCCVs, it is desirable to use a strength estimation formula that takes into account the effects of aggregate used in PCCVs, mixing, concrete placement, and ambient conditions. Methods for estimating the compressive strength of concrete that can be applied to high-strength mass concrete structures were evaluated using a mass concrete member simulating a PCCV. Table 3 shows the preparation of the concrete used in the full-scale simulated member. Figure 7 shows a schematic of the simulated member and its shape.
The non-destructive testing methods used in the evaluation were the rebound hammer, ultrasonic (surface wave velocity) and elastic wave methods (P-wave velocity, S-wave velocity). The results obtained by these methods were compared with the compressive strength of the core samples taken from the full-scale simulated member. Figure 7 shows the position where the core samples were taken and the position where the non-destructive test was conducted.
A single regression analysis was performed on the results obtained by each non-destructive test-based strength estimation method and the compressive strength of the core samples. The square of the coefficient of correlation (= r) expressed by an exponential function was defined as the "percentage of contribution," and the correlation between the compressive strength of the core samples and each non-destructive testing method was evaluated based on the percentage of contribution. As a result, the percentage of contribution of the rebound number was the highest, and the material age had the least effect on the percentage of contribution. A rebound number-based strength estimation formula was evaluated that can estimate the compressive strength (About 30 to 90 N/mm 2 ) of a high-strength mass concrete structure that meets the conditions for the full-scale simulated member. ) and R is rebound number determined by a rebound hammer. Figure 8 shows the correlation between the rebound number and the compressive strength of the core samples. The figure shows the evaluated strength estimation formula, the 95% confidence interval, the formula of the JSMS, and the formula in AIJ's non-destructive testing manual. At the lower limit of 95% confidence interval calculated by the evaluated strength estimation formula, the compressive strength calculated by the evaluated method is higher than the one calculated by the formula of the JSMS and the formula in AIJ's non-destructive testing manual when the rebound number is 40 or higher.
Figure 8 also shows the results of the compressive strength test performed at a material age of 22 years on Table 3 Preparation of concrete for the full-scale simulated member (Tsuzuki et al. 2014 (Tsuzuki et al. 2014) .
the PCCV monitoring specimens (Monitoring Specimen B) that were fabricated with the same mixing ratio on the site during the construction of Ohi NPP Units 3 and 4 and exposed to the same ambient conditions. This indicates that the evaluated strength estimation formula gives a rough estimate of the compressive strength of the actual PCCV.
5.2 Development of a new prestressing force measurement system for PCCVs (Abe et al.
2003; Ozaki et al. 2002)
Since the aforementioned lift-off test in ISI requires work that involves the use of large equipment in a small space, the test is less efficient and very time-consuming. A more effective and efficient prestressing force measurement system was developed. This measurement system uses a lightweight hydraulic load cell (hereinafter referred to as a "hydraulic shim load cell"). The load cell has the same diameter and thickness as the shim between the bearing plate and the anchor head and can be installed in the existing PCCVs without releasing the prestressing force. The load cell can be split into halves and does not require the removal of the corrosion protection medium in the end cap when taking measurements. Figures. 9 and 10 show the hydraulic shim load cell.
The hydraulic shim load cell is permanently installed and usually serves as a shim. In the measurement of the prestressing force, the oil is pumped into the hydraulic shim load cell to produce hydraulic pressure, and the hydraulic pressure produced when the anchor head is pressed up by the hydraulic shim load cell is measured by an external pressure gauge to obtain the residual prestressing force. Figure 11 shows the measurement system for the actual PCCV. The equipment and systems required for the measurements are a hydraulic shim load cell, a hydraulic pump, a hydraulic booster cylinder, a displacement gauge, a pressure gauge, a data logger, and a laptop PC. All of them are lightweight and easy to carry around.
The change in the amount of oil pumped into the hydraulic shim load cell is used to detect the prestressing force by the hydraulic shim load cell, instead of the currently used filler gauge. The change in the amount of oil can be obtained by measuring the stroke displacement of the hydraulic booster cylinder shown in Fig. 11 . This makes it possible to take measurements with the end cap on. Figure 12 shows the concept of the prestressing force measurement based on the change in the amount of oil.
Since the volume of the oil chamber remains constant until the oil is pumped into the hydraulic shim load cell and the ram is retracted, the increase in the amount of oil is equal to the amount of the elastic deformation of the oil and the hose. After the applied force is exceeded and the ram starts to retract, the increase in the amount of oil is significant due to the increase in the volume of the oil chamber in addition to the aforementioned elastic deformation.
A full-scale model test was performed to verify the accuracy of the prestressing force measurement method based on the change in the amount of oil. Figure 13 shows the test specimen.
In the test, a 10 MN-class VSL system, which is the Fig. 8 Relationship between rebound number and core strength. same as the one used in the actual PCCV, was reproduced in a concrete block (1.1 × 1.1 × 1.6 m) and a hydraulic shim load cell was installed at the tendon anchorage. Three levels of prestressing force, 5.5 MN, 6.5 MN and 7.3 MN, were applied in the test. Three measurements were taken by the hydraulic shim load cell at each load level and compared with the reference load cell load. The displacement of the hydraulic booster cylinder (the amount of oil) increased nearly linearly until the reference load cell load was exceeded and thereafter significantly increased. This trend was observed in all tests performed, and thus the measurement method based on the amount of oil was determined to be valid. Table 4 shows the results of the tests.
As a result of the tests, the ratio of the evaluated force to the reference load cell load was between 0.98 and 1.02, with a maximum evaluation error of 2%. Figure 14 shows an example of measurements of the change in the amount of oil pumped into the lift-off jack and the lift-off load in a lift-off test performed in September 2001 during ISI of Ohi NPP Unit 3. The lift-off load is the load of the intersection of the two straight lines when the data is separated on the point where the tangent stiffness of each step becomes a half initial stiffness, and linear approximation of the first slope and the second slope is carried out by the least-squares method. The difference in the error in the evaluated lift-off load between the use of hydraulic shim load cell and the use of filler gauge was 1.2% at a maximum. It was confirmed that the workability of the load cell was satisfactory.
Conclusions
This report describes the maintenance activities mainly for the prestressed members of the PCCV in Ohi NPP Units 3 and 4 of The Kansai Electric Power Co., Inc. The description in this report can be summarized as follows.
(1) As an outline of the PCCV, the required functions, the basic specifications, and the prestressed system, etc. of the PCCVs of Ohi NPP Units 3 and 4 of The Kansai Electric Power Co., Inc. are shown. (2) For the maintenance management of the PCCV, the outline of the plan, the observed results and the evaluation for ISI of the PCCV of Ohi NPP Units 3 and 4 of The Kansai Electric Power Co., Inc. are shown. The results of the previously performed ISIs showed that the prestressing force was more than the design requirement, and that it was all clear with the results of other visual inspections and of the inspection of corrosion protection medium. Therefore, we confirmed that the functions have been maintained since the service was started. (3) Changes over the year in the standards and guidelines for the maintenance of concrete containment vessels in Japan are shown. The domestic standards and guidelines have been put in place nearly 30 years after the first NPP that uses a CCV went into operation. (4) The development of new technology for PCCVs is outlined as follows.
-A rebound number-based strength estimation formula is proposed that can estimate the compressive strength of PCCVs as a result of the discussion of non-destructive test-based methods for estimating the strength of high-strength that can be applied to high-strength area and mass concrete structures specific to PCCVs. -The more effective prestressing force measurement system using a hydraulic shim load cell in the measurement of the prestressing force was developed.
The future compliances based on the regulation trends in Japan are described in the following paragraph.
Under the Ministerial Ordinance for Commercial Nuclear Power Reactors concerning the Installation， Operation, etc. (hereinafter referred to as "the Commercial Reactor Rules"), Japan has the PLM in place, which requires nuclear facilities that have been in operation for 30 years to perform a technical evaluation of the degradation of components and structures due to aging every 10 years. The program requires a technical evaluation of the degradation of components and structures due to aging that are important for safety and hard to repair or replace so that such a technical evaluation concerning PLM can determine if they are appropriately managed to protect against the degradation events to be considered; if there is any possibility of occurrence and progress of such events; or if they have sufficient margin to the integrity during the service life. Accordingly, maintenance activities for PLM are evaluated and reviewed. The program also applies to the concrete structures in NPPs, including the PCCV. In July 2013, the new regulatory standards for NPPs, which were developed by the Nuclear Regulation Authority while taking into account the lessons learned from the accident at the Fukushima Daiichi NPP and the suggestions from home and abroad, were put into effect. Ohi NPP Units 3 and 4 have been in operation for 24 years and 22 years respectively, as of the end of December 2015. Before the passing of 30 years from the start of operation, a technical evaluation of degradation of the PCCV due to aging needs to be performed in accordance with the PLM, taking into account the results of ISI and the results of technology development, and the evaluation needs to be reviewed. The PCCV has been maintained appropriately as described above. To ensure the integrity of the PCCV, the maintenance activities will be continued with the understanding of the purpose of the new regulatory standards.
